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cise caused by moderate arterial stenosis is external iliac
artery endofibrosis (EIAE).2-4 EIAE affects mainly highly
trained cyclists and is characterized by the progressive
thickening of the endothelial wall of the artery with fibrotic
material. Although it is generally focused on the first cen-
timeters of the left iliac artery, localization on other sites
(femoral artery) or bilateral lesions have been reported.2-4
To date, no etiology has been demonstrated. This disease
is a unique model of an isolated moderate lesion that can
be improved by means of surgery, allowing the confirma-
tion of the causal relationship between the moderate arte-
rial lesion and the exercise-related symptoms.
The measurement of arterial pressures at rest is usually
performed as a noninvasive method of testing the arterial
origin of the leg pain.5,6 In moderate lesions, absolute sys-
tolic ankle pressure (ASBP) and ankle/brachial index
(ABI) results can remain within the reference range, but
Minor peripheral arterial lesions remain asymptomatic
in sedentary or moderately active subjects. However, when
the intensity of exercise is increased, mild-to-moderate arte-
rial lesions can be responsible for exercise-related lower limb
pain. In young subjects1 and in athletes of all ages,2 a long
delay usually occurs before the vascular origin of the pain is
suspected. Furthermore, once suspected, when moderate
arterial lesions are revealed by means of investigation, the
causal relationship between these arterial lesions and the
exercise-induced pain is difficult to prove, because: (1)
Doppler and pressure measurements at rest are often within
normal limits; (2) a walking test may fail to reproduce the
symptoms that appear during higher intensity exercise; (3)
objective criteria to be used after heavy-load exercise are
lacking; and (4) these moderate lesions are usually not
treated surgically at this stage. Thus, recovery from treated
lesions, as proof of the causal relationship between the
symptoms and the lesions, may not occur.
A typical example of claudication during intense exer-
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Purpose: This study defined how ankle arterial blood pressure measurements should be analyzed for the detection of
moderate arterial disease (asymptomatic while walking). We used external iliac artery endofibrosis as a unique model
of an isolated moderate arterial lesion, the role of which in exercise-related pain can be surgically proven.
Methods: Patients who were ambulatory in our institutional referral center were studied. Brachial pressures, ankle pres-
sures, and heart rate were measured simultaneously on all four limbs at rest and after maximal exercise in 108 healthy
athletes and 78 patients (among 89 athletes referred for suspicion of endofibrosis) with confirmed or excluded external
iliac endofibrosis. For these 78 patients, we calculated systolic ankle pressure change, ankle/brachial index, and devia-
tion from the ankle/brachial index to heart rate regression line (DAHR) that was defined in the 108 healthy athletes.
Results: In patients with endofibrosis, ankle/brachial index and ankle pressure were normal at rest. One minute after
exercise, areas (mean ± SE of area) under the receiver operating characteristics curve for the diagnosis of endofibrosis
were 0.91 ± 0.02, 0.91 ± 0.03, 0.95 ± 0.02, and 0.96 ± 0.02 for ankle pressure, pressure change, ankle/brachial index,
and DAHR, respectively. For all criteria, area decreased with time in the recovery period.
Conclusion: After heavy-load exercise, the ankle/brachial index at minute 1 should be used rather than the systolic ankle
pressure value or ankle pressure change as a means of improving the efficacy of the detection of endofibrosis in ath-
letes. A 0.66 value of the index at minute 1 after maximal exercise seems an optimal cutoff point for clinical use, pro-
viding a 90% sensitivity rate and 87% specificity rate in the diagnosis of moderate arterial lesions. At rest and after 1
minute of recovery, the ankle/brachial index to heart rate relationship should be considered to be an efficient tool for
analyzing the results of pressures measurements and improving detection efficiency. (J Vasc Surg 2001;33:721-7.)
Table I. Frequency of the different final diagnoses sus-
pected in the 40 athletes included in the group of
patients without arterial disease
Abnormal bicycle position 4
Atypical sciatica 6
Venous insufficiency 2
Pubalgia 4
Musculotendinous lesions 15
Uncertain diagnosis or information missing 9
their diagnostic performance can be increased by increas-
ing blood flow and thereby increasing the pressure drop
across the stenosis.7,8 However, walking tests seem insuf-
ficient for moderate lesions revealed only during high-
intensity exercise.9,10 It has recently been suggested that
ASBP alone and not ABI should be considered in the
diagnosis of arterial lesions after exercise tests.11 However,
after heavy-load exercise in healthy subjects, the change in
ASBP is not linearly related to work load, and ABI may
decrease.10,12,13 Although a wide variability exists in ASBP
changes, some normalization is achieved through the cal-
culation of ABI, or the ABI to heart rate (HR) relation-
ship during heavy-load exercise.12,14,15 We compared
different methods of interpretation of arterial pressure
measurements before and after heavy-load exercise to
diagnose EIAE in the athlete and define the optimal cut-
off point to be used in this population.
We measured ankle and arm pressures and HR at rest
and after maximal incremental exercise in two different
protocols. Healthy athletes were used to define the normal
ABI to HR relationship. In another group of athletes who
were referred with suspected EIAE, we calculated absolute
ASBP, ASBP changes from resting values, ABI, and devia-
tion from the normal ABI to HR relationship (DAHR) as
defined in the first protocol. We analyzed whether the
causal relationship between moderate arterial lesions and
heavy-load exercise-related lower limb pain can be proved
with arterial pressure measurements.
MATERIAL AND METHODS
Protocol 1. One hundred eight healthy athletes (81
men, 27 women) were referred to the laboratory for phys-
iologic evaluation of exercise performance. The mean age
of the athletes was 25 ± 12 years, their mean weight was
65 ± 10 kg, and their mean height was 172 ± 8 cm (mean
± SD). All were trained athletes who did not smoke and
had no symptoms. The results of a physical examination
were normal at rest. All subjects were in good health, with
no personal nor familial history of arterial disease or clau-
dication and no known risk factors for atherosclerosis. The
subjects were thoroughly informed about the protocol
and gave their consent to the study, which was approved
by our institutional ethics committee.
Protocol 2. Since 1993, 89 highly trained athletes
who did not smoke and had no known vascular risk factors
(85 men, 4 women) and who were referred for suspected
endofibrosis were examined at rest and after exercise.
Many of these athletes were referred to the laboratory
after multiple investigations (sometimes including
Doppler tests at rest, vascular ultrasound scanning imag-
ing, or both) had been performed and/or various treat-
ments or physiotherapy had been attempted. The usual
complaint was a subjective sensation of a swollen thigh or
paralysis during sprinting or uphill climbing, which
improved when the intensity of exercise decreased and
reappeared for an almost constant level of exercise inten-
sity. The mean age of the athletes was 27 ± 7 years, the
mean height was 176 ± 5.0 cm, and the mean weight was
66.8 ± 4.0 kg (mean ± SD). Ultrasound scanning imaging
of the iliac and femoral arteries was performed systemati-
cally by trained operators, as described earlier.16
Arteriography was not systematically performed, but pro-
posed only when history, clinical examination at rest or
after exercise with a prolonged arterial bruit and typical
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Fig 1. Histogram of the estimated severity of stenosis in endofibrosis while artery is submitted (echography or arteriography) or not sub-
mitted (histology or angioscopy) to intraluminal arterial pressure. A zero value is noted when examination was reported to be normal.
clinical pain, or Doppler or color Doppler imaging was
considered to be convincing for the diagnosis of EIAE.
For patients considered free of EIAE, follow-up was per-
formed by calling the patients or their usual physician 3 to
6 months after the visit. In these patients, when the symp-
toms persisted, new evaluations were proposed. Eight of
the subjects initially considered to be free of EIAE were
eventually referred to arteriography after two or more
investigations. Because none of these four methods of
detection (including arteriography2,9,10) is reported to
have a 100% sensitivity rate, surgery was proposed when
three of the four investigations (history, examination,
ultrasound scanning, arteriography) had results that were
considered abnormal. Information about recovery in the
athletes who underwent surgery was attained by direct
contact with the patients or their usual physician 6 months
or longer after surgery.
Only the patients who had undergone surgery and
were able to return to competition with absolutely no
symptoms were included in the diseased group (EIAE, n =
38). Among the patients considered to be free of EIAE,
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Fig 2. Mean ± SD at rest and after incremental maximal exercise of ankle systolic blood pressure (ASBP), absolute pressure drop from
rest (pressure change), ankle to brachial index (ABI), and deviation from normal ABI to heart rate relationship (DAHR), in healthy ath-
letes (hollow circles) and in diseased leg (filled squares) and nondiseased leg (hollow squares) of subjects referred for suspected external iliac
artery endofibrosis.
Fig 3. ABI to HR relationship in 108 healthy athletes (filled cir-
cles) and in diseased leg in EIAE subjects (hollow circles) at rest
and after incremental exercise on cycle ergometer.
those who had been treated successfully for another dis-
ease of nonarterial origin and were subsequently symptom
free were included in the group of nonarterial-diseased
patients (NADPs, n = 40). The final diagnosis of these
patients is presented in Table I. In 11 subjects, the pres-
ence or absence of a causal relationship between arterial
lesions and claudication was unclear, and they were
excluded from further analysis to avoid inadequate classi-
fication. Of these 11 patients, two were lost to follow-up,
and nine still had symptoms at follow-up. Therefore, of
the initial 89 patients who were referred, only the 78
patients who were either able to return to competition
absolutely symptom free after surgery (n = 38, EIAE) or
who had recovered from a disease of nonarterial origin (n
= 40, NADP) were included. Thus, in this retrospective
analysis of patients who originally had unexplained lower
limb pain during heavy exercise, we classified subjects
based on the ultimate evidence regarding the link between
their pain and the final diagnosis.
Among the 38 patients who had successfully recovered
from surgery, endofibrosis was confirmed by means of a
histologic examination in each case: 3 subjects had bilat-
eral lesions, 6 subjects had right iliac stenosis, and the
other 29 subjects had left iliac lesions. The frequency for
each range of severity of arterial stenosis in this group of
patients is reported in Fig 1 (for patients with bilateral
lesions, the stenosis is quantified for the more severe
lesion, assumed to be the first symptomatic leg during
exercise). Percent stenosis was calculated as the ratio of (1)
the arterial lumen to the arterial wall on a longitudinal
scan for ultrasound scanning examinations; (2) the arterial
diameter at the level of the stenosis to distal external iliac
arterial diameter on a transverse view for arteriography;
and (3) the lumen surface to the arterial surface on either
a histologic cross section of the artery when available or
angioscopic or surgical direct view. During surgery or with
histology pieces (endofibrosis being a distensible lesion),
the stenosis appears much more severe than with ultra-
sound scanning or arteriography, because the artery is not
distended by intraluminal arterial pressure.
In both protocols, systolic arterial pressure was mea-
sured with four synchronized automatic sphygmo-
manometers (Dynamap Criticon; Johnson and Johnson,
Tampa, Fla). The system allowed for automated measure-
ments at 1-minute intervals. For this protocol, all values
were automatically recorded on paper and then transferred
to a computer for ABI calculation and analysis. The accu-
racy of this system has been demonstrated.17 Fifteen-
centimeter large pressure cuffs were positioned on both
the upper arm and ankle arteries. Measurements were per-
formed simultaneously on the four limbs, with the patient
in the recumbent position in an air conditioned room (21°
± 2°C). One set of measurements was performed at rest.
Subjects were then asked to cycle on an ergometer (PPG
Hellige, Keiper/dynavit, Germany or VP100, Tech-
machine, France) until they were exhausted or until their
lower limb pain became intolerable (in subjects referred
for suspected EIAE). The initial workload was 100 W, and
the workload was increased by 50 W to 300 W and then
by 30 W every 3 minutes. After exercise, measurements
were taken at minute 1 and repeated every minute for 10
minutes. For each measurement, ABI was calculated as the
ratio of ankle systolic blood pressure and the mean of
brachial systolic blood pressures.
In healthy subjects, we analyzed the regression line of
the ABI-HR relationship to be used in protocol 2. In sub-
jects referred for suspected EIAE, the sensitivity and speci-
ficity rates of different criteria in the diagnosis of EIAE
were studied. The four criteria were (1) the preexercise
and postexercise ASBP; (2) the preexercise to postexercise
ASBP changes; (3) the preexercise and postexercise
absolute value for ABI; and (4) the deviation from the
ABI-HR relationship (DAHR). DAHR was calculated as
the difference between the measured ABI and the ABI cal-
culated with measured HR by using the formula resulting
from protocol 1. In subjects in whom multiple investiga-
tions in the diagnostic process were performed, only the
first exercise test was used for the analysis.
Analysis of results. Linear regression analysis in pro-
tocol 1 by means of the least squares method and statisti-
cal analysis of protocol 2 were performed with statistical
software (SPSS 6.1.2, SPSS, Chicago, Ill). A 2-tailed
Mann-Whitney test was used as a means of testing whether
differences existed in ABI values at rest between healthy
legs and legs with EIAE. The receiver operating charac-
teristic (ROC) of the different criteria was studied from
protocol 2. On the ROC curve, the distance from the
100% sensitivity and specificity rates angle was calculated
for different values of each criterion; its lowest value was
considered to be the best acceptable compromise of sensi-
tivity to specificity for the clinical use. Statistical analysis
for area under the ROC curves (area ± SE of area) was per-
JOURNAL OF VASCULAR SURGERY
724 Abraham et al April 2001
Table II. Full range of the different criteria for the diagnosis of moderate lower extremity arterial disease, resulting in
100% sensitivity or specificity rate at the first minute of recovery from incremental heavy load exercise
% Specificity for % Sensitivity for 
100% sensitivity Value 100% specificity Value
Ankle pressure change 39 +15 mm Hg 24 –90 mm Hg
Absolute ankle pressure 44 163 mm Hg 32 72 mm Hg
ABI 52 0.78 51 0.43
Deviation from the ABI-HR relationship 16 +0.20 19.5 –0.40
formed with the method described by Hanley and
McNeil.18,19 In this method, the closer the area is to 1.00,
the better the diagnostic performance of the test; 0.50
would result from a random choice. For all statistical tests,
a 2-tailed probability level of P less than .05 was used to
indicate statistical significance.
RESULTS
Results (mean ± SD) for ASBP, ASBP-changes, ABI,
and DAHR in healthy athletes and athletes in the EIAE or
NADP groups at rest and every minute after exercise are
presented in Fig 2.
Protocol 1
The ABI was 1.12 ± 0.09 and the HR was 64 ± 11
beats/min–1 at rest in the 108 healthy subjects (mean ±
SD). Results for the ABI to HR relationship in protocol 1
are presented in Fig 3. Linear regression analysis of the rela-
tion resulted in this equation in this population of athletes:
ABI = –0.585 × (HR/100) + 1.466, r2 = 0.579, 
P < .0001.
Protocol 2
At rest. In spite of the presence of the arterial steno-
sis, ASBP was not significantly decreased in diseased legs,
compared with healthy legs (149 ± 16 vs 150 ± 15 mm
Hg, respectively), whereas small but significant differences
were found in ABI (1.11 ± 0.07 vs 1.14 ± 0.07; P < .01)
and DAHR (–0.02 ± 0.07 vs 0.03 ± 0.10; P < .001).
ASBP at rest was shown by means of ROC curve analysis
to provide no information on the presence or absence of
an arterial lesion, because the area under the curve (0.49
± 0.05) was not different from the results of a random
choice. Areas at rest for ABI (0.62 ± 0.05) or DAHR
(0.69 ± 0.02) were significantly larger than those for
ASBP (P < .05 and P < .0005, respectively), but still
reflected very low diagnostic efficiency.
One minute after exercise. A wide variability exists in
the absolute values of ASBP 1 minute after exercise in
both healthy and affected legs. Paradoxically, values as low
as 73 mm Hg were found in healthy legs, and values as
high as 163 mm Hg were found in diseased legs. After
exercise, the ABI decreased significantly in both healthy
legs and in legs with EIAE. At the first minute of recov-
ery, the area under the ROC curve was 0.91 ± –0.03 for
ASBP-changes and 0.91 ± 0.02 for ASBP. The area was
significantly greater for ABI, 0.95 ± 0.02, as compared
with ASBP-changes (P < .05, r = 0.80) or the ASBP value
(P < .02, r = 0.85). For the DAHR criterion, although the
area was larger for DAHR (0.96 ± 0.02) than for the other
criteria, comparison with ASBP (P = .10, r = 0.39) or
ASBP-changes (P = .11, r = 0.34) showed no significant
difference, because a low correlation exists with these
methods. Values for 100% sensitivity or specificity rate in
the diagnosis of EIAE are reported in Table II. The opti-
mal ASBP-change was a 30–mm Hg decrease that pro-
vided an 83% sensitivity rate and 89% specificity rate in the
JOURNAL OF VASCULAR SURGERY
Volume 33, Number 4 Abraham et al 725
diagnosis of endofibrosis. The optimal cutoff point for an
ASBP of 121 mm Hg provided an 85% sensitivity rate and
86% specificity rate in the detection of EIAE in our popu-
lation. Finally, sensitivity/specificity rates were 90%/86%
and 93%/90% when the normal limits of ABI and DAHR
were 0.66 and –0.10, respectively.
More than 1 minute of recovery. During the whole
recovery period, the diagnostic performance of all
decreased with time (Fig 4), whereas the cutoff point
between normal and abnormal results slowly returned to
resting value (Fig 5). After the first minute of recovery,
DAHR provided the larger area under the ROC curve.
The difference was significant, with both ASBP and ASBP-
changes showing the lowest results (Fig 4).
DISCUSSION
In our study, the ABI at rest was in the range of nor-
mal reported values20,21 in both the nonaffected and the
affected legs of patients with EIAE and in the NADP
group. This is not surprising, because moderate arterial
stenosis of the iliac artery is probably not severe enough to
induce a pressure drop at rest. However, athletes with a
low resting HR are expected to have higher ABI values
than sedentary people, because an inverse relationship
between ABI and HR at rest was reported.22
Contradictory reports exist in the literature about
ASBP response in healthy subjects after exercise,12-14,23-27
and when a decrease of ASBP is found, this pressure drop
is often suggested to be very short-lived as compared with
that in diseased subjects. In such a case, the diagnostic per-
Fig 4. Evolution of diagnostic efficiency (area under ROC curve)
of the different diagnostic criteria at rest and with time in recov-
ery period from maximal exercise (0.50 would be the result of a
random choice, 1.00 the result of an ideal test). a and b show sta-
tistically significant differences with both ankle pressure and pres-
sure change for ankle to brachial index (ABI) and deviation from
normal ABI-HR relationship, respectively. DAHR, Deviation
from normal ABI to HR relationship; ROC, receiver operating
characteristic.
formance of ASBP or ASBP-changes should increase with
time in the recovery period (ie, early normalization in
healthy subjects, persistent pressure drop in patients with
the disease). This was not the case in our study. In a recent
consensus conference,11 it was suggested that ASBP, and
not ABI after exercise, should be considered when analyz-
ing the results of exercise tests in the diagnosis of lower
extremity arterial disease. Although this is probably true
during moderate exercise (eg, walking), it is probably inap-
plicable to incremental bicycle exercise. In our population,
ASBP and ASBP-changes from resting value appear to be
among the least sensitive criteria for the diagnosis of EIAE.
Although ASBP changes vary from one subject to
another, some normalization is achieved through the cal-
culation of ABI.12 Recent studies have found a decrease of
ABI after both treadmill and cycle heavy-load exercise in
healthy subjects,13-15 but the normal limit was not defined.
In the current study, ABI measurement at minute 1 pro-
vided a higher performance in the diagnosis of EIAE than
did ASBP or ASBP-changes, but the diagnostic perfor-
mance of ABI further decreased with time in the recovery
period. This confirms the previously reported suggestion
by Chevalier et al9,28 that in patients with EIAE exercise
should be maximal to attain very high blood flows and that
measurements should be performed early in the recovery
period. By using a 0.5 normal limit,10,28 they reported an
80% to 85% sensitivity rate in the diagnosis of endofibrosis,
but did not report a specificity rate. The 0.66 value found
in the current study is close to this value. The difference
may result from the type of exercise protocol used or, more
likely, from the delay from the end of exercise.
Because an inverse ABI-workload relationship exists,
some of the differences observed may result from differ-
ences in the training status or workload sustained. The
ABI difference between trained and untrained subjects
after maximal cycle exercise results in the same ABI-HR
relationship.15 The ABI-HR relationship was used in an
attempt to control for exercise or training-status differ-
ences between the subjects and take into account the dif-
ferences in the recovery speed or hemodynamic profiles of
the subjects. Studying the ABI-HR relationship in the cur-
rent study provided the best diagnostic performance both
at rest and during the whole recovery period, except at
minute 1, because the correlation coefficient with other
methods was low.
All the EIAE subjects recovered completely, and the
stenosis was confirmed during surgery, excluding any 
possible false-positive results in the diseased legs. Never-
theless, it should be noted that in some cases the diagnosis
was only ascertained by means of angioscopy immediately
before surgery. For ethical reasons, arteriography, not
being the gold standard10,28 in EIAE and being an inva-
sive investigation, was not performed systematically in the
NADP group in the current study. Therefore, it could be
suggested that some of the NADPs had false-negative
results for EIAE. If so, the absolute value to be used for
the cutoff point would be changed, but because a physio-
logic decrease of ABI is found in healthy subjects, the low
diagnostic performance of resting values, the need for
intense exercise to attain high blood flow through those
moderate lesions, and the decrease of diagnostic perfor-
mance of each criterion with time would all remain
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Fig 5. Examples of determination of optimal cutoff point from calculation of the distance of ROC curve to the 100%/100% sensitiv-
ity/specificity rate angle for different values of ABI in the discrimination of normal and abnormal results in diagnosis of EIAE. The closer
to zero the lower part of the curve, the better the diagnostic performance for the diagnosis of EIAE. The corresponding value on the
x-axis is cutoff point to be used. As shown in this example, at different times in recovery period, the diagnostic performance of ABI
decreases with time, whereas cutoff point increases toward resting values.
unchanged. Because of the lack of symptoms at follow-up
and the unlikelihood of spontaneous disappearance of a
vascular lesion, we think that inadequate negative classifi-
cation was unlikely. Consistently, three of the nine patients
who had symptoms on follow-up were patients in whom
EIAE was suspected and who had refused surgery.
We conclude that, in young athletes complaining from
exercise-related pain, when searching for moderate arterial
lesions such as endofibrosis (1) resting ASBP is a very poor
indicator of the presence of an arterial stenosis; (2) the
diagnostic performance of pressure measurements
increases when heavy-load exercise is performed to attain
high blood flows through the lesions; (3) measurements
should be performed as early as possible in the recovery
period from exercise because the diagnostic efficiency of
all interpretation methods of pressure measurement
decreases along with blood flow in the recovery period;
(4) the diagnostic performance of ASBP at rest and 1
minute after exercise can be improved by referring ankle
pressure to the simultaneous arm pressure measurement
(ABI); (5) with incremental maximal bicycle exercise, an
ABI value of 0.66 at 1 minute of recovery is the optimal
cutoff point for clinical use; and (6) at-rest and after the
first minutes of the recovery period, the ABI-HR relation-
ship is an easy, efficient tool to analyze the results of pres-
sure measurements after exercise. Whether the results of
the current study can be extended to subjects with more
severe lesions, patients of all ages, exercise training or vas-
cular pathology remains a subject for future investigations.
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